Effluent discharges from industry and domestic waste containing unknown inorganic pollutants. In this work, different mechanisms of heavy metal ions removal using ZnO particles were studied. ZnO particles were synthesized using solid precipitation technique. The morphology of ZnO particles was rod-like shape. The average length and diameter of ZnO particle were 497.34 AE 15.55 and 75.78 AE 10.39nm, respectively. These particles removed effectively heavy metal ions such as Cu(II), Ag(I) and Pb(II) ions with efficiency >85% under exposure of 1 hour of UV light. However, poor removal efficiency, i.e. <15% was observed for Cr(VI), Mn(II), Cd(II) and Ni(II) ions. The removal of these heavy metal ions was in the forms of metals or metal oxide via reduction/ oxidation or adsorption mechanism.
Introduction
Water pollution is one of the consequences of rapid development of industry and expansion of human population. Thus, this leads to exhausting of fresh water resources. Dumping of untreated industrial and domestic waste containing inorganic compounds in water bodies causes water-borne diseases. In addition, long-term excessive ingestion of these pollutants particularly heavy metal ions such as Chromium (Cr), Copper (Cu), Manganese (Mn), Nickel (Ni), Lead (Pb), Silver (Ag) and Cadmium (Cd) could damage kidney, liver, brain function, nervous system or even death. Various treatment techniques have been developed for the removal of inorganic and organic contaminants from wastewater such as chemical treatment [1, 2] , filtration [3, 4] , ion exchange [5] and absorption [6, 7] techniques. However, these techniques do not eliminate the contaminants completely. Advanced oxidation process using heterogeneous photocatalysts such as titanium dioxide (TiO 2 ) [8, 9, 10] and zinc oxide (ZnO) [11, 12, 13] is another alternative technique which is extensively studied by researchers as it can remove both inorganic and organic contaminants simultaneously.
In this work, ZnO particles was chosen because it is cheap and has good photocatalytic performance in heavy metal ions removal [14, 15] . The high surface area of ZnO particles is responsible for adsorbing positive metal ions in the wastewater effectively [14, 16] . Most researches have been focused on the reduction of toxic Cr(VI) by using ZnO photocatalyst [17, 18, 19, 20, 21, 22] . A limited study was carried out to remove other metal ions such as Ag(I), Mn(II), Cd(II), Ni(II) [23] , Cu(II) [24] and Pb(II) [25] ions by ZnO photocatalyst. Wang et. al. [16] reported that the ZnO hollow microspheres enhanced the removal of Cu(II), Cd(II) and Pb(II) cations compared with the commercial ZnO particles. Nonetheless, no comparison study on the removal of metal ions i.e. Cu(II), Ag(I), Pb(II), Cr(VI), Mn(II), Cd(II), and Ni(II) ions by ZnO was performed under the same testing condition. Furthermore, the heavy metal ions removal mechanism might be more complicated than the common accepted idea, i.e. via reduction of cations [26] . The heavy metal ions mechanism(s) could be varied depends on the types of metal ions and light sources. In this paper, the capabilities of ZnO particles in removal of Cu(II), Ag(I), Pb(II), Cr(VI), Mn(II), Cd(II), and Ni(II) ions in aqueous solution under UV light and visible light condition was assessed. In addition, based on the analysis of the end products, the removal mechanisms of each metal ions by ZnO particles were deduced.
Materials and methods

Materials
Zinc nitrate tetrahydrate (Zn(NO 3 ) 2 .4H 2 O, Merck, 108833), hexamethylenetetramine (C 6 H 12 N 4 , Merck, 818712) and polyvinylpyrrolidone ((C 6 H 9 NO) n , Sigma-Aldrich, 81440) were used to synthesize ZnO particles. Heavy metal sources were nickel nitrate hexahydrate (Ni(NO 3 ) 2 
Preparation of ZnO photocatalyst
The synthesis of ZnO particles followed the procedure as described by Thein et al. [11] . In this process, 3.1g zinc nitrate tetrahydrate, 1.7g hexamethylenetetramine and 0.4g of polyvinylpyrrolidone were dissolved in 100ml distilled water. The zinc nitrate tetrahydrate and hexamethylenetetramine solution were added into polyvinylpyrrolidone solution. The mixture was stirred 60 min at room temperature. The temperature of water bath was set at 90 C for 45min for the growth of ZnO particles.
The ZnO particles were collected by centrifugation. The particles were washed several times with distilled water before drying in the oven at 100 C.
Removal of heavy metal ions
The UV and visible light was used to trigger the photocatalytic reaction in removal of heavy metal ions such as Cu(II), Pb(II), Ag(I), Cr(VI), Cd(II), Mn(II), Ni(II) by ZnO particles. In each tests, 50ppm of single-element solution was added with ZnO particles (1 g/l) and stirred magnetically in the dark for 30min for adsorption/desorption equilibrium. The light source was then turned on for the photocatalytic reaction. These heavy metal ions were removed from solution by depositing onto the surface of ZnO particles, resulting formation of metal/metal oxide coupled ZnO hybrid particles. Then, the concentrations of heavy metal ions in solution were measured in every 15min time interval using Inductive Couple Plasma e Optical Emission Spectrometry (ICP-OES). The heavy metal ions removal efficiency (ƞ)
of ZnO particles was calculated using Eq. (1),
where C o and C t were the concentration of metal ions at the initial and time t, respectively.
These hybrid particles were collected by centrifugation and dried at 100 C for 8hr.
For the ease of identification, the hybrid particles collected after heavy metal/metal oxide deposition were designated as M/ZnO particles, where M was referred to the metal ions used in the study, i.e. Cu, Pb, Ag, Cr, Cd, Mn, and Ni.
Characterizations
The crystal structure of ZnO particles and M/ZnO were characterized by X-ray Diffractometer (XRD, Bruker D8-Discovery) with a copper-monochrome Cu-K different light sources as depicted in Fig. 1(c ZnO particles is discussed in subsection 3.3 after more evident were collected in subsequent analysis. Based on these results, the possible removal mechanisms of heavy metal ions are summarized in Table 1 . to (100), (002), (101), (102), (110), (103) and (112) 2(b) and 3(b). The CuO phase was detected with additional planes of (002), (020) and (202) Only diffraction peaks belong to ZnO were measured for Ag/ZnO hybrid particles collected after visible light irradiation as shown in Fig. 2 
(c). In contrary, under
UV process, the Ag/ZnO hybrid particles shown additional planes of (111), (112) analytical X"pert High Score Plus software. However, no extra diffraction peaks could be seen from the Cr/ZnO hybrid particles by UV light irradiation as presented in Fig. 3 (e).
Figs. 2(f) and 3(f) present the diffraction pattern of Mn/ZnO hybrid particles obtained from the photocatalytic reaction under visible and UV irradiation, respectively. In Fig. 2(f 98-005-1771 under UV exposure as shown in Fig. 3(f) .
The crystal structure of Cd/ZnO hybrid particles was characterized via X-ray diffraction as seen in Figs. 2(g) and 3(g). There was no change in crystal structure of Cd/ ZnO hybrid particles as compared to ZnO particles, suggesting that the Cd or CdO, if there was any, presented in a very low concentration on the surface of ZnO particles.
Similarly, no additional XRD peak was found on Ni/ZnO hybrid particles as shown in Figs. 2(h) and 3(h). This result agrees well with the result shown in Fig. 1 
(c) as
ZnO particles exhibited poor removal efficiency for both Cd(II) and Ni(II) ions.
The formation of metals or metal oxides onto ZnO particles after the removal of metal ions under UV light irradiation was further evaluated using XPS analysis. As shown in Fig. 4(a) , the element of zinc (Zn), oxygen (O), Cu, and carbon (C) were observed. The high peak of Zn 2p and O 1s exhibited the high content of Zn and O elements as compared to Cu and C elements. The presence of C 1s peak at 284.6eV of binding energy was due to the surface adventitious carbon. Fig. 4(b) shows the high-resolution of Zn 2p 3/2 and Zn 2p 1/2 corresponded to the binding energy of 1020.8eV and 1044.1eV of ZnO, respectively. The high-resolution O 1s spectrum was depicted in Fig. 4(c) . It could be de-convoluted into two peaks at 529.9eV and 530.9eV, which assigned to O 2-of ZnO or CuO and the absorbed water, respectively. In Fig. 4(d) , the two Cu 2p peaks are located at 933.6eV and 953.6eV. The gap between Cu 2p 3/2 and Cu 2p 1/2 is around 20eV, which is in agreement with CuO standard spectrum [27] . The presence of Cu shakeup satellite peaks at 942.5eV and 961.2eV could be attributed by Cu 2 O phase. Similar finding was reported by Munawar et al. [28] .
The whole survey of the XPS spectra ( Fig. 5(a) ) indicate the presence of Zn, O, and Ag elements in the Ag/ZnO hybrid particles. Fig. 5(b) shows the high-resolution scan of Ag 3d 5/2 and Ag 3d 3/2 fitted well with the metallic Ag 0 oxidation state at 368.4eV and 375.2eV of binding energy [29] . The results are in agreement with the XRD as previously discussed, which highlight the deposition of Ag particles onto the ZnO particles. Fig. 6(a) shows the presence of Zn, O, and Pb elements in Pb/ZnO hybrid particles as expected. The high-resolution of Pb 4f spectrum ( Fig. 6(b) ) exhibited two main peaks at 138.0eV and 142.8eV, that could be assigned to binding energy of Pb 4f 7/2 and Pb 4f 3/2 of PbO 2 , respectively [30, 31] . Furthermore, the peak centred at 139.0eV corresponds to the Pb 2þ cation associated with Pb(OH) 2 or PbO formation. The XPS survey scan spectrum ( Fig. 7(a) ) demonstrates that the Cr/ZnO hybrid particles was mainly composed of Zn, O, and Cr elements.
As shown in Fig. 7(b) , the Cr 2p XPS spectrum shows two split spin orbitals at 576.6eV for Cr 2p 3/2 and 585.4eV for Cr 2p 1/2 corresponding to the Cr 3þ oxidation state [32] . As demonstrated in Fig. 8(a) , the XPS spectra of Mn/ZnO hybrid particles show the peaks associated with Zn, O, and Mn elements. The binding energies of Mn 2p 3/2 and Mn 2p 1/2 were located at 641.5eV and 658.8eV, respectively, as shown in Fig. 8(b) , which is in good agreement with binding energy reference of MnO 2 [33] . In contrary, Fig. 9 (a) exhibits XPS signal of Ni/ZnO hybrid particles, which presents only the elements of Zn and O. The Ni 2p binding energy was not detected by highresolution XPS as depicted in Fig. 9(b) . This is due to the low removal efficiency of Ni(II) ion from the solution, which is consistent with the XRD results. The XPS analysis of Cd/ZnO hybrid particles was not carried out due to its poor removal efficiency by ZnO particles. Fig. 10(a) shows that the ZnO particles were rod-like shape. The average length and diameter of ZnO particles were 497.34 AE 15.55nm and 75.78 AE 10.39nm, respectively. The morphology of Cu/ZnO hybrid particles was shown in Fig. 10(b) . The Fig. 1(c) . Fig. 11 shows the morphology of ZnO hybrid particles collected after heavy metal ions removal under UV light. As displayed in Fig. 11(a) , the surface of Cu/ZnO hybrid particles was coated with a rough layer. The average length and diameter of Cu/ZnO hybrid particles were 764.35 AE 11.39nm and 145.49 AE 10.02nm, respectively. The significant increase of particle size suggests the deposition of Cu(II) ions on ZnO particles. Fig. 11(b) shows the SEM image Ag/ZnO hybrid particles after the UV irradiation process. The average length of Ag/ZnO hybrid particles was 577.21 AE 13.53nm, whereas the average diameter was 102.28 AE 12.54nm. It is noted that tiny particles (marked in red cycles) with diameter <20nm were found on the surface of ZnO particles. These tiny particles might be the evidence of the photo-reduction of Ag þ ions and would be analyzed further using EDX mapping. In contrary, platelike precipitates were observed in Pb/ZnO hybrid particles (Fig. 11(c) ). The average diameter and length of Pb/ZnO hybrid particles were 80.79 AE 9.91nm and 497.95 AE 9.04nm, respectively. As displayed in Fig. 11(d) , the deposited particles were not obviously seen on the surface of Cr/ZnO hybrid particles. The average diameter and length of Cr/ZnO hybrid particles were 99.36 AE 6.58nm and 594.01 AE 10.75nm, respectively. Fig. 11 (e) clearly shows many particles deposited onto the surface of ZnO particles, which increased the size of ZnO particles. For instance, the average diameter and length of Mn/ZnO hybrid particles were 110.84 AE 10.98nm and 579.92 AE 17.31nm, respectively. Nevertheless, the deposition of Cd(II) and Ni(II) was not obviously seen on the SEM image of Fig. 11 (f) and (g). The average diameter and length of Cd/ZnO hybrid particles were 105.58 AE 11.64nm and 547.09 AE 13.31nm, respectively. Similarly, the average diameter and length of Ni/ZnO hybrid particles were 107.57 AE 18.57nm and 579.31 AE 14.35nm, respectively.
As shown in Fig. 1 , the UV irradiation has a significant influence on the removal of heavy metal ions by ZnO particles as compared to visible light. Therefore, TEM analysis was used to analyze the structure of M/ZnO hybrid particles collected after UV irradiation process. The deposition of Cu(II) ions onto the surface of ZnO particles was clearly observed via TEM image as displayed in Fig. 12(a) . The surface of Cu/ZnO hybrid particles was coated with a foreign layer. The HRTEM image in It is clear from Fig. 14(a) that plate-like structure was formed in Pb/ZnO hybrid particles. A closer examine in HRTEM reveals that the plate-like structure composed of Pb(OH) 2 and PbO 2 crystal grains as shown in Fig. 14(b) . The 0.32nm was lattice spacing of (011) plane of Pb(OH) 2 whereas the lattice spacing of 0.28nm of (110) plane belongs to PbO 2 . The formation of these plate-like structures indicates that nucleation and crystallization also occurred in the solution. Fig. 14(c) e(e) displays the EDX mapping analysis, indicating that plate-like structure contained high intensity of Pb and O.
The deposition of Cr particles was not obviously seen on the surface of ZnO particles under UV light as shown in Fig. 15 Fig. 16(a) displays the micrographs of Mn/ZnO hybrid particles, with many tiny particles deposited on its surface. In Fig. 16(b) , HRTEM micrographs reveal the presence Table 2 .
Heavy metal ions removal mechanisms by ZnO particles
Base on the evidences collected in Table 2 , two types of heavy metal ions removal mechanisms by ZnO particles are proposed, i.e. (i) physical adsorption and (ii) reduction/oxidation by photo-generated electron-hole pairs. 
As measured by zeta potential analyzer, ZnO particles were negatively charged with value of -23.6mV as shown in Fig. 19 . The negatively charged surface of ZnO particles was mainly contributed by the OH À groups during the growth process as discussed by Thein et al. [11] . These OH À groups became the actively adsorptive sites.
As depicted in Fig. 20(a) , the cationic of heavy metal in the aqueous solution tended to react with OH À groups to form a thin film on the surface of ZnO particles. Similar observation was also reported by Wang et al. [34] . As the adsorption process was limited by the number of negative adsorptive sites on the surface of ZnO particles, the adsorption efficiency was usually poor and might reach a saturation level after a period of time. As the optical energy of visible light was insufficient to cause ZnO particles generate electrons and holes, thus the removal of metal ions from solution by ZnO particles was via physical adsorption process. In addition, the removal of Cd(II) ions and Ni(II) ions by ZnO particles under UV light was also categorized in this mechanism as no obvious change was observed in their removal efficiency.
(ii) Reduction/oxidation by photogenerated electron-hole pairs
The reduction happened when the redox potential of metal is more positive than the e e CB level of ZnO particles. Theoretically, metal ions that expected to experience reduction are Ag(I) ions, Cr(VI) ions and Cu(II) ions. The oxidation of metal ions is selectively occurred when oxidation potential is less positive than the h þ VB level [10] . According to the results, oxidation occurred at Pb(II) and Mn(II) ions. It is worth mentioning that as long as the appropriate optical excitation source is available, many electrons and holes could be generated continuously for the reduction or oxidation of metal ions as illustrated in Fig. 20(b) . Thus, the metal/metal oxides could present in the form of thin film on the surface of ZnO particles or as particles that either deposited onto the surface of ZnO particles or in the solution.
In brief, the heavy metal ions were removed by ZnO particles either by one of the above-mentioned mechanisms or combined mechanisms depend on the types of metal ions and types of light sources. For instance, the Cu(II) ions were completely removed within 15min under visible illumination as shown in Fig. 1(a) . The formation of thick CuO layer on the surface of ZnO particles suggests that the Cu(II) ions were hydrated and formed Cu(H 2 O) 6 2þ ions. These ions were further reacted with OH e ions via a Lewis interaction, leading to the formation of CuO layer via absorption [34] . The removal of Cu(II) ions by ZnO particles photocatalyst under UV light irradiation was possible via reduction due to its reduction potential of Cu 2þ /Cu þ was þ0.15V [35] .
In the visible irradiation, the photoreduction of Ag(I) was unlikely occurred as the excited energy was not strong enough to generate electrons from ZnO catalyst.
Thus, in such condition, the slight removal of Ag(I) was supposed due to the absorption of Ag þ ions onto the ZnO surface. The negative charged active sites of ZnO particles attracted the Ag þ cations, leading to the slight removal of Ag þ ions from solution. In contrary, the removal of Ag(I) ions using ZnO particles under UV irradiation were caused by photocatalytic reduction. As highlighted in Eq. (2), the redox potential of Ag þ /Ag 0 is more positive than the energy level of e e CB of ZnO [10, 36, 37] . Therefore, electrons were generated by ZnO particles during optical excitation Eq. (3). These electrons were captured by Ag(I) ions, causing metal deposition onto the surface of ZnO particles. As a consequence, a significant removal of Ag(I) ions was observed as shown in Fig. 1(c) .
As shown in Fig. 1 [8] .
The behavior of Cr(VI) ions removal under visible light irradiation was opposed to Ag(I) ions. The removal efficiency of Cr(VI) under visible light was much higher than that of UV light process. Beside the adsorption of Cr(VI) ions on the negatively charged surface of ZnO particles, the removal of Cr(VI) ions was also enhanced by the formation of Cr 2 O 3 plate-like precipitates as displayed in Fig. 11(c) . On the contrary, the removal efficiency of Cr(VI) ions by ZnO particles was suppressed under UV light. In theory, the reduction of Cr(VI) ions to Cr(III) ions by photogenerated electrons from ZnO particles under UV irradiation was possible [8] . Thus, some of the Cr(VI) ions was reduced to Cr(III) ions. Nevertheless, both Cr(VI) ions and Cr(III) ions were still present in the solution. Therefore, the total numbers of Cr ions in the solution only decrease slightly as measured by ICP-OES. Small amount of the Cr(VI) ions were adsorbed on the surface of ZnO particles as Cr thin film.
Under visible light irradiation, the removal of Mn(II) ions from solution was attributed to the physical absorption of cationic Mn 2þ onto the negatively charged surface of ZnO particles. The removal efficiency of Mn(II) ions improved slightly under UV irradiation. It is known that the Mn(II) ions were not able to reduce by the photocatalytic reaction of ZnO under UV irradiation. This is because the reduction potential standard of Mn 2þ /Mn (E 0 ¼ -1.18V vs. NHE) is more negative than the e e CB level of ZnO particles [38] . Therefore, the oxidative route seems to be the preferred photocatalytic pathway in the presence of ZnO particles under UV irradiation. The Mn(II) ions were oxidized by holes which generated by ZnO during the absorption of photons. The oxidation potential of Mn 2þ to Mn 4þ equal to 1.22V vs. NHE [35] as shown in Eq. (5). Subsequently, the Mn 4þ ions reacted with dissolved oxygen to form MnO 2 particles, as observed in Fig. 15(a) . Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.
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